Emerging fungal and oomycete pathogens are increasingly threatening animals and plants globally. Amongst oomycetes, Saprolegnia species adversely affect wild and cultivated populations of amphibians and fish, leading to substantial reductions in biodiversity and food productivity. With the ban of several chemical control measures, new sustainable methods are needed to mitigate Saprolegnia infections in aquaculture. Here, PhyloChipbased community analyses showed that the Pseudomonadales, particularly Pseudomonas species, represent one of the largest bacterial orders associated with salmon eggs from a commercial hatchery. Among the Pseudomonas species isolated from salmon eggs, significantly more biosurfactant producers were retrieved from healthy salmon eggs than from Saprolegnia-infected eggs. Subsequent in vivo activity bioassays showed that Pseudomonas isolate H6 significantly reduced salmon egg mortality caused by Saprolegnia diclina. Live colony mass spectrometry showed that strain H6 produces a viscosin-like lipopeptide surfactant. This biosurfactant inhibited growth of Saprolegnia in vitro, but no significant protection of salmon eggs against Saprolegniosis was observed. These results indicate that live inocula of aquatic Pseudomonas strains, instead of their bioactive compound, can provide new (micro)biological and sustainable means to mitigate oomycete diseases in aquaculture.
Introduction
Emerging fungal and fungal-like diseases are causing severe ecological disruptions and are recognised as a global threat to biodiversity and food security [1, 2] . For example, Fusarium solani is involved in mass mortality of eggs of the endangered sea turtles in Cape Verde [3] , and Batrachochytrium dendrobatidis and B. salmandrivorans are causing major amphibian declines globally [4, 5] . Amongst oomycetes, Aphanomyces and Saprolegnia species are causing significant declines in crayfish, fish and amphibian populations [1, [6] [7] [8] [9] [10] [11] . Saprolegnia species are the causative agents of Saprolegniosis, a disease characterized by fluffy and filamentous white or grey mycelial patches on fish, fish eggs or amphibians [11] . In aquaculture, Saprolegnia species regularly infect freshwater cultured salmonids, including Atlantic salmon and rainbow trout, and non-salmonids like eel, perch, carp and catfish [7, 12] . In Japan, at least 50% annual mortality in Coho salmon due to Saprolegniosis was reported [7, 13, 14] . Also the 'winter kill' by Saprolegnia species in channel catfish in the USA resulted in a substantial financial loss of approximately $40 million [7] .
Formalin is now commonly used to control Saprolegniosis, but is expected to be banned soon due to adverse environmental effects [7] . Several treatments have been tested to prevent Saprolegniosis, such as hydrogen cyanide, Pyceze (bronopol), sea water flushes and NaCl, but none of these measures exerted control to a level similar as obtained with malachite green, a chemical banned due to its carcinogenic properties [7] . Currently, no vaccination is available for Saprolegniosis [8] . Therefore, new sustainable measures are urgently needed. A potential approach to control Saprolegniosis and other emerging diseases involves the application of beneficial microbes. A limited number of bacterial genera and species, including Aeromonas and Pseudomonas, have been reported as potential anti-pathogen agents in aquaculture, but a comprehensive understanding of the microbiome composition of fish eggs and their protective potential is still limited [15] [16] [17] [18] [19] [20] [21] .
In previous work, we detected 31,281 bacterial and archaeal operational taxonomic units (OTUs) on salmon eggs from a hatchery by PhyloChip metataxonomic analysis. The highest number of OTUs belonged to Proteobacteria [22] . Based on this large-scale metataxonomic analysis, the diversity of salmon egg-associated Proteobacteria and their functional potential to protect fish eggs against Saprolegnia were investigated in this study. We focused specifically on the Pseudomonadales and isolated several Pseudomonas strains, assessed their genotypic diversity and tested their inhibitory activity against Saprolegnia species both in vitro and in vivo. Given the zoosporicidal activity of biosurfactants produced by Pseudomonas species [23] [24] [25] , the isolates obtained from salmon eggs were also phenotypically screened for biosurfactant production. For the Pseudomonas isolate that provided the best protection against Saprolegniosis on salmon eggs, chemical profiling was performed by Nanospray Desorption ElectroSpray Ionization (NanoDESI) live colony mass spectrometry followed by MS/MS analysis for partial identification of the biosurfactant.
Materials and Methods

Isolation of bacteria associated with salmon eggs
Healthy and Saprolegnia-infected salmon eggs (N = 6 for healthy and N = 6 for diseased eggs) and their corresponding incubation water was collected from a commercial hatchery [22] . To release bacteria from the surface of eggs, approximately 30 eggs and 20 ml of incubation water of each sample was transferred into a glass tube, vortexed for one minute, sonicated for one minute and vortexed again for one minute. The total culturable bacteria were isolated and enumerated by plating on 1/10 th strength tryptone soya broth (Oxoid) with 15-20 gl -1 agar
(1/10TSA) supplemented with 100 μg ml -1 Delvocid (DSM, Delft, Netherlands) to inhibit fungal growth. Pseudomonas strains were isolated and enumerated on semi-selective Pseudomonas agar F (PSA, Difco) supplemented with 100 μg ml -1 Delvocid, 12.5 μg ml -1 chloramphenicol and 50 μg ml -1 ampicillin. Both media were incubated at 25°C for 4 days. From each replicate sample and each growth medium, approximately 40 bacterial isolates were randomly selected and stored, which resulted in a total of approximately 900 random bacterial isolates.
In vitro activity and biosurfactant production by the bacterial isolates
All bacterial isolates were tested for activity against Saprolegnia diclina strain VS20 and Saprolegnia parasitica strain CBS 223.65 (C65) according to Liu et al. [22] . Bacteria were spot-inoculated at the edge of plates of 1/5 th strength potato dextrose broth (Difco) with 15-20 g l -1 agar
(1/5PDA) and incubated for 2-4 days at 25°C prior to inoculation of a plug of Saprolegnia in the centre of a 1/5PDA plate. Hyphal growth inhibition was monitored for all bacterial isolates during incubation for 4-5 days at 18°C. All bacterial isolates were also screened for biosurfactant production by the drop collapse assay according to the method described by de Bruijn et al. [23] .
Identification and phylogeny of bacterial isolates
Pseudomonas isolates inhibiting Saprolegnia hyphal growth and/or producing biosurfactants were subjected to BOX-PCR fingerprinting using primer BOX A1R [26, 27] . Representative isolates from the BOX groups with at least 4 isolates for diseased or for healthy salmon egg samples were chosen for phylogenetic analysis. Therefore, a total of 27 representative isolates (S1 Table) were selected and identified by 16S rRNA sequencing. Phylogenetic analyses, including the 16S rRNA sequences of 29 known reference strains [28] , was performed according to Liu et al. [22] . The evolutionary distances were calculated using the Kimura 2-parameter method [29] .
In vivo bioassays to test disease suppression by Proteobacteria
The representative isolates were chosen for activity testing in salmon egg bioassays (S1 Table) . From the shared representative isolates, Pseudomonas isolates S1 and S2, which belonged to the largest shared BOX group and originated from both healthy and diseased salmon eggs were selected. Collectively, a total of 11 representative isolates were selected for activity testing in salmon egg bioassays (S1 Table) . The experimental set-up of the in vivo bioassays was similar to that described by Liu et al. [22] . For bioassay 1 conducted in Norway in 2012, salmon eggs used in this bioassay were 385 degree-days at the day of shipment. Each treatment was conducted in a separate incubation unit containing three perforated cups with 30 live salmon eggs per cup. The 11 representative isolates described above were pre-grown on PSA for 2 days at 25°C, washed with sterile demineralized water and added to each salmon egg incubation unit to a final cell density of 10 8 CFU ml -1 . S. diclina 765F3 and bacteria were added to the incubation units with 2.5 litre of dechlorinated Norwegian tap water on day 0 (0 day post inoculation) and egg mortality was scored on day 6 (6 days post inoculation, dpi) and expressed as a percentage of the total number of salmon eggs. To further study the activity spectrum of the Pseudomonas isolates, a similar experiment was conducted with S. parasitica 762F4 [22] . To check if the bacterial isolates alone were pathogenic to salmon eggs, a similar bioassay as described above was conducted with the bacterial inoculum only. Also here, the percentage of egg mortality was determined at 6 dpi.
For bioassay 2 conducted in The Netherlands in 2014, the experimental design was adjusted to monitor the disease progress over a longer period of time. Therefore, the salmon eggs were 'younger' than those in bioassay 1, i.e. 321 degree-days at the day of shipment. Each treatment was conducted in two separate incubation units; each incubation unit contained three perforated cups with 51±2 live salmon eggs per cup. Spontaneous rifampicin resistant mutants of the Pseudomonas isolates were generated to allow monitoring of their population dynamics. The Pseudomonas isolates were added to each salmon egg incubation unit filled with 2 litres of well water [22] to the final cell density of 10 7 CFU ml -1 . S. diclina 1152F4 [22] was used in bioassay 2. Salmon eggs not treated with the bacterial isolates or exposed to S. diclina only served as the controls. The egg incubation water of each incubation unit was sampled on day 1, day 4 (0 dpi) and day 24 (20 dpi) and dilution-plated on PSA+rifampicin to determine the density of the introduced isolates in the water. Colonization of the applied Pseudomonas isolates on the salmon egg surface was determined by rolling one to two eggs from each cup on PSA+rifampicin at 0 and 20 dpi as described by Liu et al. [22] . The percentage of salmon eggs to which hyphae of S. diclina were attached was determined at 20 dpi according to Liu et al. [22] . S. diclina 765F3 from the healthy sample and S. diclina 1152F4 from the diseased sample were used as pathogen source in the bioassay 1 in 2012 and bioassay 2 in 2014, respectively. These two S. diclina isolates showed similar pathogenicity on salmon eggs in 2012 [22] .
Nucleotide sequence accession numbers
The 16S rRNA sequences of Pseudomonas strains D1, D2, D3, S1, S2, H1, H2, H3, H4, H5, H6 and S3-S18 have been deposited in GenBank under accession numbers KP890304-KP890314 and KT223371-KT223386, respectively.
Live colony NanoDESI MS/MS data acquisition and molecular networking
The most antagonistic Pseudomonas isolate H6 was subjected to chemical profiling by Nanospray Desorption ElectroSpray Ionization (NanoDESI) live colony mass spectrometry as described previously [30, 31] . P. fluorescens SS101 and P. fluorescens SBW25 [30] were used as references. Pseudomonas strains were cultured in Luria-Bertani broth by shaking overnight at 28°C. For Pseudomonas H6, four cultures (0.5 μl each) were spot-inoculated on ISP2 agar and incubated for 48 hours at 30°C [30] . P. fluorescens SS101 and P. fluorescens SBW25 were streaked on 1/5 th strength NBY agar (1 gl -1 glucose, 1.6 gl -1 nutrient broth, 0.4 gl -1 yeast extract and 15 gl -1 agar) and cultured for 48 hours at 25°C. Data collection with a data-dependent MS/ MS method was conducted on a hybrid 6.4T LTQ-FT (Thermo Electron) mass spectrometer according to Nguyen et al. [30] . The MS/MS data of strains Pseudomonas H6, P. fluorescens SS101 and P. fluorescens SBW25 were combined with data obtained by Nguyen et al. (2013) [30] for 18 other Pseudomonads and 42 Bacilli. Metabolic networks were generated by clustering as described previously [32] using the GNPS website (http://gnps.ucsd.edu/). Algorithms were the same as described by Nguyen et al. [30] . Networks were visualized using Cytoscape (v 3.1.1). The two plugins used for aiding data visualization and sequence tagging were described previously by Nguyen et al. [30] .
HPLC analysis
Pseudomonas H6, P. fluorescens SS101 and P. fluorescens SBW25 were pre-grown on PSA for 3-6 days at 25°C. Extraction of biosurfactants was conducted according to De Souza et al. [24] .
After lyophilization, the biosurfactant was dissolved in Milli-Q water. Reversed-Phase High Performance Liquid Chromatography (RP-HPLC) analysis was performed by injection of 100 μl sample on a Waters 996 HPLC equipped with a Symmetry C18 Column (100 Å, 5 μm, 3.9 mm X 150 mm, Waters) as described previously [33] . Samples were analysed at a flow rate of 0.5 ml/min for 50 min in an isocratic mobile phase of 45:40:15 acetonitrile:methanol:Milli-Q water with 0.1% (v/v) trifluoroacetic acid.
In vitro inhibitory activity of biosurfactants against Saprolegnia hyphal growth
The biosurfactant of Pseudomonas H6 was tested for activity against hyphae of S. diclina 1152F4 and S. parasitica C65 by adding the biosurfactant to 1 ml 1/5 th strength potato dextrose broth (1/5PDB) in 24-well cell-culture plates (Greiner Bio-One, Kremsmünster, Austria) to final concentrations of 15, 40, 100, 200 μg ml -1 , respectively. The lipopeptide surfactant massetolide A produced by P. fluorescens SS101 was used as a standard. An agar plug of pre-grown S. diclina 1152F4 or S. parasitica C65 of approximately 0.2 cm 2 was added to each well and incubated at 25°C. Hyphal growth inhibition was scored after 3 days for S. diclina 1152F4 or 2 days for S. parasitica C65. Morphological abnormalities were monitored under an Olympus SZX12 stereomicroscope and image capture was accomplished using a Zeiss AxioCam MRc 5 camera with Zeiss AxioVision software (AxioVs40 V 4.8.2.0). ImageJ 1.47v [34] was used to measure the diameter of 10 hyphae in each treatment.
In vivo effects of biosurfactants on Saprolegniosis
The salmon eggs had been incubated at 0.92°C on average at AquaGen AS (Trondheim, Norway) and their age was 135 degree-days at the day of shipment. The set-up of the salmon egg bioassay was similar to that of bioassay 2 described above. The biosurfactants from Pseudomonas H6 and SS101 were tested at concentrations of 15±3 μg ml -1 and 40±8 μg ml -1
. Malachite green (2.5±0.5 μg ml -1 (ppm)) was used as a chemical reference. All treatments were performed with three separate incubation units (biological replicates), except for the treatments without S. diclina 1152F4 where one incubation unit with three incubation cups (technical reps) was used; each cup contained 51±2 live salmon eggs. Application of biosurfactants or malachite green was conducted every 2-3 days by reducing the water level to 600±100 ml and exposing the salmon eggs to the corresponding chemicals for 90-120 min with aeration. Afterwards, the treated water was removed. Each incubation unit was rinsed by 100-200 ml fresh well water and finally 2 litres of fresh well water was added. The percentage of hyphal attachment of S. diclina to the salmon eggs was determined on 18 dpi.
Results and Discussion
PhyloChip-based community profiling
Previously we analysed the bacterial community compositions of healthy salmon eggs and Saprolegnia-infected salmon eggs (referred to as diseased salmon eggs) by PhyloChip-based profiling [22] . Healthy eggs harboured more OTUs belonging to the Proteobacteria than diseased eggs [22] . Amongst the phylum Proteobacteria, the class Gammaproteobacteria was most represented (Fig 1A) . Within the Gammaproteobacteria, most OTUs belonged to the orders Enterobacteriales and Pseudomonadales (Fig 1B) , accounting for 6.57% and 6.71% of the total bacterial OTUs detected on average on salmon eggs, respectively. The majority of OTUs of the family Pseudomonadaceae belonged to Pseudomonas, representing 935 OTUs on average. No significant differences were found in the number of Pseudomonas OTUs between diseased and healthy salmon eggs. Given that Pseudomonas species (Pseudomonadales) are considered as potential aquaculture probiotics [35] , a more in-depth analysis was conducted here to unravel the genotypic and functional diversity of Pseudomonas species associated with healthy and diseased salmon eggs (S1 Fig) .
Isolation, in vitro activity and phylogeny of aquatic Pseudomonas
The bacteria attached to the salmon eggs were released by vortexing and sonication in the incubation water from the hatchery. The total count of culturable aerobic bacteria was approximately 3X10 7 CFU ml -1 for both healthy and diseased salmon eggs (S2 Fig) . Amongst 440 randomly selected isolates, 7% and 13% inhibited hyphal growth of Saprolegnia diclina VS20 and Saprolegnia parasitica C65, respectively. Drop collapse assays further revealed that 3% of the 1/10TSA isolates produced biosurfactants under the experimental conditions tested. For both the healthy and diseased salmon egg samples, the putative Pseudomonas population density enumerated on semi-selective PSA medium was approximately 10 6 CFU ml -1 (S2 Fig). Amongst 465 randomly selected Pseudomonas isolates, 60-69% of the isolates from the diseased salmon eggs and 72-80% of the isolates from the healthy salmon eggs inhibited hyphal growth of S. diclina VS20 and/or S. parasitica C65. No statistically significant difference was observed between diseased and healthy salmon eggs in the percentage of isolates with in vitro growth-inhibiting activities (Fig 2A) . However, based on the results obtained in drop collapse assays, healthy eggs harboured a significantly higher frequency (64±7%) of biosurfactant-producing Pseudomonas isolates than diseased salmon eggs (34±8%) (Fig 2B) . A marine biosurfactant-producing Lactobacillus pentosus provided protection for the crustacean Artemia against pathogenic Vibrio alginolyticus, suggesting a potential role of biosurfactants in disease suppression [36] . Genotypic profiling by BOX-PCR of the Pseudomonas isolates that inhibited Saprolegnia hyphal growth in vitro and/or produced biosurfactants, resulted in 131 BOX groups with 43 and 71 unique groups from diseased (D) or healthy (H) salmon egg samples, respectively, and 17 groups with isolates found in both diseased and healthy samples (referred to as 'shared' isolates (S)) (Fig 2C) . Representative isolates from BOX groups that consisted of at least 4 isolates unique for diseased (D) or healthy (H) samples, as well as 18 isolates from the 9 'shared' (S) BOX groups (S1 Table) were subjected to phylogenetic analyses. No distinct differences were observed in the 16S rRNA-based phylogenetic delineation of Pseudomonas isolates from diseased or healthy salmon eggs. Most of the isolates belonged to the P. fluorescens clade, including the isolates from the shared BOX groups, except isolate S13 and S14 that clustered with P. syringae (Fig 3) .
Bioactivity of aquatic Pseudomonas in vivo
When Pseudomonas isolates were applied at an initial density of 10 7 CFU ml -1 to the incubation water in vivo, seven out of eleven Pseudomonas isolates significantly reduced hyphal attachment of S. diclina to salmon eggs (Fig 4) . Strains originally isolated from healthy salmon Table) egg samples showed a better control efficacy than those originally isolated from diseased salmon egg samples (Fig 4) , suggesting that the healthy salmon eggs harbour Pseudomonas strains with stronger activity against Saprolegnia. The bacterial density in the incubation water decreased from 10 6 −10 7 CFU ml -1 on 0 dpi to 10 3 −10 5 CFU ml -1 on 20 dpi. When tested against another S. diclina isolate and S. parasitica isolate under different temperatures and bacterial densities, only Pseudomonas strain H6 showed the most consistent activity against Saprolegnia in all cases (S3 and S4A Figs). Hence, strain H6 was selected for further characterization.
Chemical profiling of aquatic Pseudomonas strain H6
To elucidate which compounds Pseudomonas strain H6 produces, live colony mass spectrometry and MS/MS analyses were performed with two phylogenetically related strains P. fluorescens SS101 and SBW25 as references. A Cytoscape network with spectra of in total 21 Pseudomonads and 42 Bacilli strains [30] showed that Pseudomonas H6 produces a predominant compound with a parent mass-to-charge ratio of m/z 1148.65, which clustered together with the lipopeptides massetolide A (m/z 1162.69) and viscosin (m/z 1148.67) produced by strains SS101 and SBW25, respectively (Fig 5A) . Further examination of the raw MS/MS data showed that mass shifts could be linked to specific amino acids, which created identical sequence tags of 87-113-87-113 Da (Ser-Leu/Ile-Ser-Leu/Ile) for the lipopeptide surfactants produced by Pseudomonas H6, P. fluorescens SS101 and SBW25 (Fig 5B) [30] . These results suggest that Pseudomonas H6 produces a lipopeptide surfactant with a peptide moiety that is, most likely, structurally similar to that of massetolide A and viscosin. RP-HPLC analysis of the lipopeptide surfactants extracted from these three strains revealed a difference in retention time of the biosurfactants from Pseudomonas H6, P. fluorescens SS101 and SBW25 (Fig 5C) , suggesting that the lipopeptide biosurfactant produced by Pseudomonas H6 is structurally not identical to massetolide A or viscosin. The small shift in retention could also be due to a structural difference in the lipid moiety. In vivo activity of 11 Pseudomonas strains against S. diclina 1152F4. In bioassay 2, the mean percentage of eggs to which of S. diclina 1152F4 hyphae attached was determined at 20 days post inoculation (dpi) [22] . Bacterial strains were introduced at an initial cell density of 10 7 CFU ml -1 . The incubation temperature was 5-7°C. Error bars represent S.E.M. (N = 6). Asterisks indicate statistically significant differences with the control, S. diclina only, based on a one-way analysis of variance and post hoc LSD analysis (P<0.05).
doi:10.1371/journal.pone.0136241.g004
Activity profiling of lipopeptide surfactant from aquatic Pseudomonas strain H6
We tested the effect of the purified lipopeptide surfactants of Pseudomonas H6 and P. fluorescens SS101 on hyphal growth of S. diclina 1152F4 (Fig 6A) . Both surfactants showed growthinhibitory activity at 15 μg ml -1 , the lowest concentration tested. Hyphal growth was almost completely inhibited at 100 μg ml -1 for the biosurfactant of Pseudomonas H6 and at 200 μg ml -1 for massetolide A of P. fluorescens SS101 (Fig 6A) . The biosurfactant of H6 also showed a stronger activity compared to massetolide A against hyphal growth of S. parasitica (Fig 7A) . Lipopeptide surfactants are known to cause hyphal swelling, hyphal branching, zoospore lysis and inhibition of cyst germination of plant pathogenic oomycetes [23, 37, 38] . When we investigated the effect of the lipopeptide surfactants of strains H6 and SS101 microscopically, the diameter of S. parasitica hyphae grown in the presence of biosurfactants was larger (S2 Table) and exhibited a higher number of branches compared to the control. This phenotypic effect intensified with increasing biosurfactant concentrations; furthermore, massetolide A induces more hyphal branching than the Pseudomonas H6 biosurfactant (Fig 7B) . The lipopeptide surfactants from Pseudomonas H6 and P. fluorescens SS101 were tested in an in vivo bioassay at concentrations of 15±3 μg ml -1 and 40±8 μg ml -1 of incubation water.
Because the set-up of the in vivo bioassays involved large volumes and the yield of biosurfactants was relatively low, higher biosurfactant concentrations were not tested. At the concentrations tested, no significant reductions in attachment of S. diclina hyphae to salmon eggs were found, whereas the chemical control (malachite green) did significantly reduce hyphal attachment (Fig 6B) . Although the lipopeptide surfactants were applied every 2-3 days for a duration of 90-120 min each time, instability (e.g. degradation) and/or a too short exposure time may have caused a lack of in vivo activity. Biosurfactants have been shown to be degraded in aquatic systems and non-sterile soil [39] [40] [41] and the same may have occurred in the salmon egg . (B) The activity of the biosurfactants against S. diclina under in vivo condition was assessed by determining the mean percentage of salmon eggs to which S. diclina 1152F4 hyphae were attached at 18 dpi. Salmon eggs were treated with biosurfactants from Pseudomonas H6 and P. fluorescens SS101 at 15±3 μg ml -1 and 40±8 μg ml incubation units. The fate of the biosurfactants could not be analysed by RP-HPLC analysis, since the applied concentrations were below the detection limit. Although the biosurfactants alone did not affect hyphal attachment by Saprolegnia in vivo, this does not exclude that these compounds may play a role in the activity of the producing bacterial strain, an aspect that remains to be further investigated. Lipopeptide surfactants are well-known for their role in biofilm formation [23, 37] and may have enabled Pseudomonas H6 to colonize the salmon egg surface to form a protective biofilm that avoids hyphal attachment by Saprolegnia. Also the biosurfactant produced by Lactobacillus pentosus was suggested to facilitate the adhesion to the Artemia gut, thereby excluding the colonization of pathogenic Vibrio alginolyticus [36] . The bacterial biofilm provides an ecological niche in which the bacterial cells produce a protective extracellular matrix that is beneficial to their growth and development by excluding other microbes [35] . Whether the biosurfactants are actually produced in the egg incubation units or on the egg surfaces by the introduced Pseudomonas strains is not known. Recently, Song and colleagues [42] showed that massetolide A production by P. fluorescens SS101 increased at lower temperatures, indicating that the low temperatures (5-10°C) used in the salmon egg assays may be favourable for biosurfactant production. To provide more evidence for a role of the lipopeptide surfactant of Pseudomonas H6 in in situ production and protection against Saprolegniosis, site-directed mutagenesis of the biosynthetic genes should be performed in future studies, followed by in vivo bioassays where gene transcriptional analyses are conducted and activities of surfactant-deficient mutants are compared to those of the wild type strain H6. Additionally, even though P. fluorescens is recognized as a beneficial microbe against Saprolegnia [20] , is it also known to be pathogenic to a wide range of fish species, mostly to carps [43] but also to salmonids like rainbow trout (Oncorhynchus mykiss) [43] and Chinook salmon (Oncorhynchus tshawytscha) [44] . For some of the Pseudomonas isolates tested here, except H6, we indeed observed adverse effects on the salmon eggs (S4B Fig). Further studies should also look into effects of P. fluorescens H6 on the life-cycle of salmon post hatching.
Conclusions
Aquaculture is one of the fastest growing animal food sectors [45] , partly as a response to the increasing demand for fish protein and regulations to prevent overfishing from wild populations [7] . Considering the long-term importance of aquaculture for food production and economic development, sustainable measures are urgently needed to mitigate emerging diseases including Saprolegniosis. Although the biosurfactant from Pseudomonas H6 did not show activity in vivo, the bacterial strain itself did provide promising antagonistic activity against Saprolegnia infections of salmon eggs. Our research provides a framework for selecting beneficial bacteria that can suppress Saprolegniosis and possibly other emerging diseases in aquaculture.
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